A new insertion sequence (IS1381) was identified in the genome of Streptococcus pneumoniae R6 as an 846-bp segment containing 20-bp terminal inverted repeats and flanked by 7-bp direct repeats. The three sequenced copies of this element have two overlapping open reading frame (ORF) genes named orfA and orfB. However, significant variations between individual copies were found, suggesting that inactivating mutations have occurred in an original single ORF. Accordingly, the consensus IS1381 element derived from the comparison of the three available copies should contain a single ORF sufficient to encode a basic protein of 267 amino acids which exhibited high similarity to the putative transposases of ISL2 from Lactobacillus helveticus and of IS702 from the cyanobacterium Calothrix sp. strain PCC 7601. A minimum of five to seven copies were detected by hybridization experiments in the R6 genome. In remarkable contrast with the two previously reported pneumococcal insertion sequences, several copies of IS1381 have been detected in all of the clinical isolates tested so far. Interestingly, Streptococcus oralis NCTC 11427 (type strain), a close relative of pneumococcus, does not contain this element, but its occurrence in the type strain of Streptococcus mitis (NCTC 12261) suggests that this species has exchanged DNA with S. pneumoniae directly or through an intermediate species.
Streptococcus pneumoniae is an important human pathogen, causing invasive diseases such as pneumonia, meningitis, and bacteremia. Morbidity and mortality from pneumococcal infections remains high, even in regions where efficient antibacterial therapy is freely available. For most bacterial pathogens, virulence is a multifunctional process requiring two general classes of determinants, one represented by genes that participate in physiological processes necessary for survival which might be common to pathogenic and nonpathogenic organisms, and the other represented by specific virulence genes that are rarely detected in nonpathogenic organisms (7) . Although the method used by bacteria to acquire the virulence genes is still an open question, it has been proposed that mobile DNA elements can contribute to the acquisition of such pathogenic phenotypes by promoting mutations and rearrangements within the chromosome as well as by favoring the horizontal exchange of virulence genes (7) . In this sense, a small number of transposable elements have been characterized in S. pneumoniae so far: i.e., four conjugative transposons, Tn1545 (8) , Tn3701 (4) , and Tn5251 and Tn5252 that form the composite element Tn5253 (17) . The role of these elements in the natural population dynamics of S. pneumoniae is entirely unknown, but it has been documented that they can contribute in many ways to its variability, particularly in S. pneumoniae, for which only a few cryptic plasmids have been reported (see reference 19 and references therein). Furthermore, a wide recognition of common insertion sequences (ISs) will be of great value in the design of new genetic tools in pneumococcus, since only two ISs, namely IS1202 (15) and IS1167 (23) , and a 3Ј-terminal portion of a transposase-coding gene corresponding to a putative IS named IS-SP (16) have been described so far in this species.
In the course of a survey to identify genes encoding cholinebinding domains (ChBDs) (6), we isolated a segment of pneumococcal DNA that exhibited all of the hallmarks of a bacterial IS. One copy of this element was inserted upstream of the pcpA gene, which encodes a novel choline-binding protein.
Here, we describe the sequence and characterization of IS1381, a new IS in S. pneumoniae.
Construction and screening of genomic libraries. ChBDs have been found in different pneumococcal proteins that bind to choline residues present in the teichoic acids, e.g., the major pneumococcal LytA autolytic amidase (13) , the cell wall lytic enzymes of several pneumococcal bacteriophages (13) , and the PspA protein (21) . On the other hand, we had found a similar ChBD in the CspA protein of Clostridium beijerinckii NCIB 8052 (formerly Clostridium acetobutylicum), a strain that also contains choline in its cell wall (18) . To investigate the origin of the CspA protein, we carried out several Southern blot analyses of pneumococcal DNA by using the ChBD-coding region of cspA of C. beijerinckii as a probe, and we found that at low stringency, this fragment of cspA hybridized with several pneumococcal DNA fragments different from those containing the lytA and pspA genes (data not shown). Hence, to isolate these fragments, a genomic library of S. pneumoniae R6 was constructed in Escherichia coli TG1 (Amersham) by digestion of the chromosomal DNA of R6 with HincII and ligation of the resulting fragments to SmaI-digested pUC18. Using a colony hybridization procedure and the PvuII-SspI fragment of pKDE543 which encodes the ChBD of CspA from C. beijerinckii (18) as the screening probe, we isolated the plasmid pEK1 (Fig. 1 ). Restriction and Southern blot analyses revealed that pEK1 contained an EcoRI fragment which was subcloned to generate pEK2, a plasmid that also reacted with the probe. In addition, we surprisingly observed that the 2-kb HindIII fragment subcloned to give plasmid pEK6 hybridized at high stringency (1) with multiple fragments of the pneumococcal genome, suggesting the presence of a highly repeated DNA sequence which was studied further.
The analysis of the nucleotide sequence of the 2-kb HindIII fragment showed the existence of two overlapping open reading frames (ORFs), ORFA and ORFB, flanked by two 20-bp imperfect inverted repeats (IRs [IRL and IRR]) and two short (7-bp) imperfect direct repeats (DRs [DRL and DRR]) ( Fig. 1  and 2 ). The pI values corresponding to the deduced amino acid sequences of orfA and orfB were 10.3 and 11.2, respectively, which are characteristic of IS transposases (5). Furthermore, using the GCG Program of the University of Wisconsin Molecular Biology Package (WIMP) to search for possible homologies in the GenBank database, we observed that the proteins encoded by orfA and orfB display significant similarities to the transposases of two ISs, i.e., ISL2 from Lactobacillus helveticus (23) and IS702 from the cyanobacterium Calothrix sp. strain PCC 7601 (14) (Fig. 3 ). All of these features strongly suggested that the pneumococcal DNA fragment under study encoded a new IS element, which was named IS1381 according to the nomenclature of transposable elements (2) . Although orfA extends upstream of the IRL sequence, we favor the hypothesis that the putative transposase might start at the ATG codon located 81 bp downstream of IRL, and therefore, orfA would encode a protein with a size of 103 amino acids (Fig. 2) . On the other hand, orfB would start at an ATG codon located 26 bp downstream of the TAA stop codon of orfA and would encode a protein with a size of 129 amino acids (Fig. 2) . Nonconsensus ribosome-binding site (RBS) sequences were found at a reasonable distance from both translation initiation sites. The polypeptides encoded by orfA and orfB matched, respectively, the N-and C-terminal regions of the transposases from ISL2 or IS702 (Fig. 3 ), suggesting that a ϩ1 frameshift could in principle lead to a fusion protein or that the sequence suffered some deletion and/or insertion mutations. In this sense, although it has been well established that several ISs contain transposases that are synthesized by a Ϫ1 frameshift, transposases translated by a ϩ1 frameshift have not been reported. Moreover, the potential CUU-UGA frameshift site found in other ϩ1 frameshifts was not observed in this case (20) . Interestingly, a motif, AAAAAAG, followed by a hairpin loop containing the stop codon of orfA and the start codon of orfB was found (Fig. 2) . Nevertheless, this arrangement does not exactly match with the "slippery sequence" A-AAA-AAG, which has been shown to be one of the most efficient heptanucleotide windows to authorize a Ϫ1 frameshifting (3). On the other hand, it has been shown that only one out of seven copies of the IS1221 from Mycoplasma hyorhinis contains a single, long ORF, whereas the others have different mutations rendering truncated transposases (22) . Hence, the observation of overlapping frames does not necessarily indicate the existence of a frameshifting regulatory mechanism, since the shifting might have resulted because of nucleotide deletions or insertions rendering inactive transposases.
To ascertain whether the existence of two overlapping frames can be ascribed to a putative ϩ1 frameshifting regulatory mechanism or to an inactivating mutation, we cloned and sequenced two additional copies of IS1381 (Fig. 2) . The copy contained in plasmid pIS2 was isolated from a HindIII pneumococcal genomic library of strain R6 constructed in pUC18 and screened with the 0.5-kb EcoRV-AvaI fragment of plasmid pEK6 as a probe (Fig. 1) . We could determine the precise extent of the IR sequences which provided the information needed to synthesize the primer OIS1 (5Ј-CGGAATTCAAT AGCTTTCTGCGAAAC-3Ј) corresponding to a consensus IR sequence. This primer was used to amplify by PCR all of the copies of IS1381 contained in the genome of R6. The resulting fragments (about 900 bp) containing the IS1381 sequences were purified with Geneclean (Bio 101, Inc., La Jolla, Calif.), digested with EcoRI, and ligated to EcoRI-digested pUC18. Several recombinant plasmids were isolated, and the copy contained in one of them, named pIS3, was sequenced (Fig. 2) .
The IS1381 copies of plasmids pIS2 and pIS3 exhibited significant nucleotide differences between them and with respect to the first isolated copy of pEK6 and also showed truncated reading frames, although at different positions. Comparison of the three sequences revealed that the IS1381 copy from plasmid pEK6 had suffered a 22-bp deletion just downstream of IRL. This sequence extends the N-terminal amino acid sequence of the polypeptide encoded by orfA that perfectly matches the N-terminal sequences of the ISL2 and IS720 transposases ( Fig. 2 and 3) .
It is worth noting that the high similarity (59% identity) found between the transposases of the IS1381 and ISL2 elements is also found at the nucleotide level (64% identity). Both elements have essentially the same nucleotide length and IR sequences. Interestingly, the IR sequences of ISL1381 are 4 bp (CAAT) longer than the corresponding sequence of ISL2, suggesting that the IRs of IS1381 have apparently embodied the proposed target sequence (AAT) of ISL2. However, one of the IS1381 copies contains the AAT sequence in both ends of the IRs in the same position found in ISL2, suggesting that the IRs and the target sequences could be identical in both ISs. Nevertheless, it must be pointed out that the analysis of the DRs and IRs does not always allow determination of the specific target site, since it has been demonstrated that the sequence that is duplicated can vary between two insertion events for a given IS (5).
All of the observations given above suggest that the three IS1381 copies sequenced here contain different mutations rendering inactive transposases. However, a comparison with the transposases of ISL2 and IS720 allows us to propose a consensus sequence for the IS1381 transposase, which should be essentially composed of the sequences orfA and orfB and which should be equivalent to the product predicted for a ϩ1 translational frameshift at the last codon of orfA (Fig. 2) . The consensus transposase sequence starts at an ATG codon lo- 
FIG. 2.
Nucleotide sequence of individual copies of IS1381. The three isolated pneumococcal copies of IS1381, c1, c2, and c3, correspond to those of the plasmids pEK5, pIS2, and pIS3, respectively, whereas m1 corresponds to the sequence of the copy isolated by PCR from S. mitis. Nucleotides identical to the c1 copy are represented by asterisks, whereas gaps are indicated by dashes. The amino acid translation of orfA and orfB corresponding to the c1 copy is represented by the single-letter code above the c1 nucleotide sequence, whereas the amino acid translation of the putative consensus sequence (cs) is represented below the m1 sequence. The amino acid sequence corresponding to the putative overlapping region between orfA and orfB is underlined and shown by lowercase letters. The heptanucleotide AAAAAAG and a contiguous putative hairpin loop contained in this overlapping region are doubly underlined. The left and right terminal IRs (IRL and IRR) and the DRs (DRL and DRR) are indicated by arrows. The putative Ϫ35 and Ϫ10 promoter regions located upstream of the IS sequence are also doubly underlined.
LysϩArgϩHis, and only 10.1% GluϩAsp) and a pI of 10.7, which is consistent with the idea that it corresponds to a DNAbinding protein. A search for promoter sequences revealed the presence of a putative Ϫ35 box (TaGACt) within the IRL sequence and three putative Ϫ10 boxes (TATggT, TggtAT, and TATAgT) separated by 15, 17, and 20 bp, respectively. A putative RBS sequence (AtAGtAGtT) that imperfectly matches the 16S rRNA pneumococcal sequence (3Ј-UUUCC UCCA-5Ј) was found 2 bp upstream of the ATG codon overlapping the most consensus Ϫ10 sequence. However, the absence of an RBS does not preclude translation, since it has been shown that the mRNA encoding the pneumococcal DNA polymerase I begins only two nucleotides before the first codon and lacks a typical RBS (12) . Interestingly, the transposases of ISL2 also have no obvious RBS (24) . Nevertheless, we cannot rule out the possibility that the active copy of IS1381 might have an additional insertion in this region containing more efficient transcription and/or translation signals.
The GϩC content of the three copies of IS1381 is 38%, which is characteristic of pneumococcal genes. This finding suggests that this element originated in the pneumococcus or that its acquisition was not a recent event. Alternatively, taking into account the capacity of S. pneumoniae to undergo natural transformation, we cannot exclude that IS1381 may be recently acquired from bacteria showing similar GϩC contents, as is the case of L. helveticus and its ISL2 element (38.5% GϩC content) (24) . On the other hand, IS1381 appears to be unrelated to any previously known pneumococcal ISs.
Distribution of IS1381 among pneumococcal isolates and related species. Pulsed-field gel electrophoresis (1) and Southern blot hybridization were used to investigate the copy number and distribution of IS1381 among different pneumococcal isolates belonging to different serotypes (Fig. 4) . In spite of the noticeable polymorphism of the different pneumococcal isolates, a common feature of this species (11), the minimum apparent copy numbers of IS1381 appear to range from 5 to 7.
Results of Southern blot analysis of the species most closely related to pneumococci, the type strains Streptococcus mitis NCTC 12261 and Streptococcus oralis NCTC 11427, revealed that the latter does not contain IS1381, whereas the former contained one copy of this mobile element (Fig. 5) . The copy present in S. mitis was isolated by PCR with the OIS1 primer corresponding to the consensus IR sequence. The sequence of this IS revealed that it contains a truncated transposase similar to the pneumococcal copies (Fig. 2) . It has been shown that S. mitis, S. oralis, and S. pneumoniae exhibit more than 99% 16S rRNA sequence homology, although the DNA-DNA similarity values for their total chromosome DNAs were lower than 60% (10) . The existence of a single and apparently inactive copy of IS1381 in S. mitis strongly suggests that S. mitis and S. pneumoniae might have exchanged DNA. Exchange of genetic determinants (i.e., penicillin resistance genes) between S. pneumoniae and S. mitis has been well documented (9) . Nevertheless, we cannot rule out the possibility that such DNA exchange could be produced through an intermediate species.
Moreover, although the S. mitis and S. oralis strains used in these experiments are the representative type strains of these species, some differences could be expected from other strains of the same species.
Finally, it is interesting that whereas the other two pneumococcal insertion sequences, IS1202 (15) and IS1167 (23), have not been found in many of the serotypes tested (i.e., serotypes 2, 3, 14, and 23), IS1381 appears to be present in all of the serotypes assayed so far. Thus, IS1381 might represent a new widespread and highly polymorphic strain marker and, consequently, might be a good candidate for epidemiological investigations.
Nucleotide sequence accession number. The GenBank accession numbers for the IS1381 copies shown in Fig. 2 
